We present new observations of the jet features inthebarred spiral galaxy NGC 1097, including optical spectroscopy of the brightest jet features, two-color optical imagery, new VLA mapping at 327 MHz, and archival 1.4 GHz VLA data reprocessed for improved sensitivity. No optical emission lines appear to an equivalent width limit of 15-30 ~ (depending on the line wavelength). The jets are uniformly blue, with B -V = 0.45 for the two well-observed jets R1 and R2. No radio emission from the jets is detected at either frequency; the 327-MHz data set particularly stringent limits on "fossil" emission from aging synchrotrons electrons. The morphology of the jets is shown to be inconsistent with any conical distribution of emission enhanced by edge-brightening; their combination of transverse profile and relative narrowness cannot be reproduced with cone models. The optical colors, lack of radio emission, and morphology of the features lead us to conclude that they are tidal manifestations, perhaps produced by multiple encounters of the small elliptical companion NGC 1097A with the disk of NGC 1097. We present photometric and morphological comparisons to the tail of NGC 4651, which is similar in scale and morphology to the northeast "dogleg" feature RI in NGC 1097.
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Introduction
The four faint optical jets emanating from the barred spiral galaxy NGC 1097 have puzzled astronomers since their discovery ( Wolstencroft and Zealey 1975; Arp 1976; Lorre 1978; Carter, Allen and Malin 1984; hereafter CAM) . The 15-arcsec wide jets extend radially 5'-19' from the nucleus. No radio emission has been detected from the jets (Wolstencroft, Tully and Perley 1984; Hummel, van der Hulst and Keel 1987; hereafter WTP and HHK) although the center has been well-imaged by the VLA both in the continuum (HHK) and at the 21-cm HI line (Ondrechen, van der Hulst, and Hummel 1989) .
Unlike the optical features near active radio galaxies studied by McCarthy et al. (1987) and Heckman (1989a, 1989b) which have strong emission-line filaments, the optical jets of NGC 1097 lack emission lines (Arp, cited in Wolstencroft 1981; Wolstencroft, private communication; also this work). The nucleus itself has usually been observed to be a LINER or weak Seyfert 2 surrounded by an extremely luminous star formation ring within the bar (HHK and references therein). The ring of star formation, and perhaps the presence of the bar, may be related to tidal interaction with NCC 1097A, a small elliptical galaxy believed to be responsible for distortions in the optical spiral arms and HI distribution. Evidence for Seyfert 1 nuclear activity appeared unexpectedly in 1991, when Storchi-Bergmann, Baldwin, and Wilson (1993) found that a double-peaked broad-line region had appeared, possibly caused by a real luminosity flare or variable obscuration effect (see also Storchi-Bergmann et al. 1995) .
We use nomenclature for the jets following Lorre (1978) with jets Rl, R2, R3, and R4 having position angles 54°, 15", 195°, and 223° respectively. All four jets are roughly linear with one jet (Rl ) terminating in a right angle bend, giving a '(dogleg" appearance. Lines drawn along each jet do not cross at the nucleus, but very close to it; they are not ezactiy radial. While the jets are optically faint, the dogleg jet can easily be seen on an ESO-SRC -4-J film copy.
Four observations have been used to constrain the nature of the jets: first, the lack of emission features in the optical spectrum (Wolstencroft 1981 ), second, an upper limit to the x-ray emission (Wolstencroft et al. 1983 ; hereafter WKAS), third, the non-detection of radio emission from the jets (HHK and WTP), and fourth, the steepness of the optical-near-infrared spect rum (CAM). The optical spectrum (as j udged from the broad-band continuum color, no spectral features having been detected) could be produced bystars or bya plasma at 106Kvia thermal (free-free) emission, mproposedby WTP.
WTP excludeda synchrotron origin for thejet features because they did not detect thejets with the VLAusinga3"x 1,5'' beamat 1.4 GHz (detection limit 7x10-7 Jy/sqarcsec)nor did HHK detect any emission on a scale of 15" at 1.4 GHz (detection limit of 5 x 10-6 Jy/sq arcsec). In addition, the optical-near-infrared colors of the dogleg jet are consistent with a typical spiral galaxy stellar population (CAM). The near-infrared emission of the dogleg jet would have to be four-to-six times weaker to provide the flat spectral index expected from free-free emission generated by a plasma of temperature 106 K, as proposed by WTP.
The evidence from earlier work is fairly convincing that the optical jets are composed of stars. There are two possible origins: the stars formed in situ by matter entrained by relativistic jets, or they are tidal remnants of galactic interaction. We searched for optical emission lines (as from HII regions) and obtained optical colors to put an upper limit on the stellar age, which we could use to date a possible starburst triggered either by the passage of relativistic jets or by tidal interaction in a merger. Alternatively, the colors can be used to date stars which were torn from NGC 1097 (or its merging partner) if the jets are actually tidal debris. We also obtained optical images to characterize the profile of the dogleg jet (Rl) to determine if it had the asymmetry characteristic of the edge of a cone (whose sides would be jets R1 and R2).
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The early radio work did not rule out the possibility that currently inactive synchrotrons jets had produced radio lobes in the past. Such lobes would fade by synchrotrons losses and adiabatic expansion after energy injection ceased. If we assume that NCC 1097 once had radio lobes similar to those of weak radio galaxies, namely, an initial radio spectral index a of -0.75 (S V m Va) and a magnetic field strength of 10 pGauss, then the break in the synchrotrons spectrum would be at 327 MHz after about 30 million years (after energy injection ceased) with a final spectral index a = -2.0 at higher frequencies. We searched for radio emission at 327 and 1465 MHz to constrain the spectral index and brightness of possible "fossil" radio lobes.
In Section 2 we describe the observations. We present our analyses in Section 3, in several cases putting earlier arguments on a more quantitative footing, and discuss the implications in Section 4. We present our conclusions in Section 5. In this paper we assume that the distance to NGC 1097 is 12.3 Mpc, using Ho = 100 km s-l Mpc-l; this gives a scale of 1' = 3.7 kpc.
Observations

Optical Images and Spectroscopy
Images of three of the four jets in NGC 1097 were obtained with the CTIO 4-m telescope and RCA prime-focus CCD camera. Standard B and V filters were used, with a field size of 2.4 by 4.1 arcminutes at 0.50 arcsecond/pixel (284 x 492 usable pixels). One field for each of two jets (R2 and R3) was observed (for the southern jet R3 in B only) while two partially overlapping fields were used to cover the dogleg jet RI. For the V images, fringing due to A5577 night-sky emission was removed with interactively-scaled subtraction of a facility "library" fringe-pattern frame. Photometric calibration used Graham's (1982) , -6-Eregion standards and mean extinction values. NGC 1097 passes within 5' of the zenith at CTIO, so the airmasses are quite low. The targeted fields and exposures are listed in Table   1 .
EDITOR: PLACE TABLE 1 HERE.
The fields imaged with the CCD are outlined on a copy of the SRC J survey image in The absolute field positions (and registration with respect to the radio data) were determined via a local network of 44 star positions measured from a glass copy of the SRC J survey plate, using the tw~axis Grant machine at NOAO. The error in the reference frame so defined, based on the scatter of positions from nearby SAO stars, is c = 0.6 arcsecond.
In Figure 2 we show the mosaicked B image of the northeast jet R1. The mosaic has had exposure-time differences removed by normalization, EDITOR: PLACE FIGURE 2 HERE.
The V images of the north jet, R2, before and after convolution with a Gaussian kernel of 5" FWHM are shown in Figures 3a and 3b . The north jet (which is just east of the bright star centered in the frame), is narrower than the dogleg jet R1 (5-10" vs. 15"). There are -7-two other filamentary structures visible on the V image which may be real. The area near the bottom of the CCD frame where the jet R2 leaves the galactic disk is fairly smooth: the galactic disk is unperturbed.
EDITOR: PLACE FIGURE 3 HERE.
Spectroscopy was attempted for the two bright condensations in the northeast jet RI (as indicated in Figure 2 ) and the northern jet R2, using the SIT-Vidicon detector on the Rltchey-Chretien spectrograph at the CT104m telescope on 1 and2 October 1983.
Exposures of 1-2 hours per object were obtained, covering the wavelength range 4000-7000 ,under photometric conditions with good seeing. Thecontinuum wasdetected only very weakly (by summing across large wavelength bins) while no narrow emission lines that could contribute more than a few per cent of the broad-band intensity were seen. This adds to the existing report (Arp, cited in Wolstencroft 1981) During these observations, the SIT detector exhibited low-level zero-point instabilities on spatial scales mapping to 100-200 ~. Thus, we cannot provide more detailed spectral-shape information from these data. The field around NGC 1097 is shown in Figure 4 , The galaxy itself is shown in Figure   5 .
EDITOR: PLACE FIGURE 4 HERE.
EDITOR: PLACE FIGURE 5 HERE,
The small feature to the northeast of the galaxy at position angle 18° is not the elliptical companion NGC 1097A (PA 35° ) but is probably a background source seen through the optically thin disk of NGC 1097, 2
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We did not detect emission from the jets in the 1.4 GHz images. The limits and their implications for jet processes are discussed in Section III and IV.
327 MHz Data
New observations at lower frequencies were also obtained,
MHz at the VLA. These data were mapped using experimental The most obvious errors are shifts in the positions of some, but not all, sources when the dirty and deconvolved images are compared. The phase errors responsible for these shifts are most likely due to the ionosphere. If the isoplanatic patch due to ionospheric phase variations is smaller than the area imaged, the result will be baseline-dependent errors which standard self-calibration cannot remove. At 327 MHz, the isoplanatic patch size could be much smaller than our field of view. Schwab (1984) has considered techniques .
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for imaging over multiple isoplanatic patches, but this is difficult because of the need to determine multiple gain solutions per antenna during each solution interval.
The galaxy itself is detected at the 1.05 Jy level ( Figure 6 ). The galaxy image is partially resolved by the 150 x 150 arcsecond synthesized beam. Although a large number of sources appear in the 327 MHz VLA field, there is no indication that any of them are associated with the NGC 1097 jets. We see no evidence for extended emission which could be associated with "fossil" radio lobes near or beyond the ends of the optical jets. The observations did detect extended emission associated with a group of distant galaxies 80
arcminutes to the southeast (P. A. N 150° ) of NGC 1097. Figure 7 shows the central region of our 327 MHz image, covering an area approximately twice as wide as the extent of the optical jets. No emission associated with the jets is detected.
EDITOR: PLACE FIGURE 7 HERE,
Analysis
Optical Morphology
As was clear from the earliest detection of the jets (Wolstencroft and Zealey 1975) , they have very low surface brightness, less than 1% of the night-sky brightness at a good ground-based site. Accordingly, on the normally reduced CCD frames only their brightest portions are visible, Structures large compared to the seeing disk or pixel size may be enhanced by smoothing or more elaborate spatial filtering, and indeed Gaussian smoothing was found very effective in tracing the jet structure,
The southern jet R4 is not visible on the original or Gaussian-convolved B images (not shown), being lost against the strong gradient in starlight. Jet R4 is much fainter than -11-its nearly opposite counterpart R2, which is 0,9 magnitudes brighter in peak B surface brightness and clearly detected with only half as much integration time.
Spatial filtering of the images was used to address the nature of the condensations or knots present along the dogleg jet R1. Detailed comparison of images median-filtered to reject increasing spatial scales indicates, along with the constant color noted above, that the knots are parts of the dogleg jet. Otherwise, they would either need to be elongated along the jet or occur in "holes" in the jet itself. Thus the condensations are integral to the jet structure. All three jets observed are somewhat curved with the curvature of jet R2 being most noticable. The jets themselves vary in length from about 5'to 19' (Lorre 1978) ; this translates to projected sizes of 19 to 70 kpc. A typical jet width of about 15" corresponds to about 920 parsecs.
Optical Colors and Spectroscopy of Jets RI and R2
Color measurements can be made on portions of the jets larger than about 5 arcseconds in size. The two jets (RI and R2) imaged in both B and V bands are bluer than the night sky, in agreement with Lorre's (1978) results. More quantitatively, the colors have been measured by summing the full width of the jets after removing faint stars and cosmetic defects via median filtering. Color and intensity profiles along jet RI and the "dogleg" are shown in Figure 8 .
EDITOR: PLACE FIGURE 8 HERE.
The color is constant within the errors, including both prominent condensations observed spectroscopically, with II -V = 0.45 + 0.1 (typical of FO stars). No color trend is apparent either radially outward from the galaxy or along the "dogleg" portion of the jet.
-12-Our optical spectra of the two brightest condensations in the dogleg jet show no emission lines: they are not HII regions.
1.4 GHz Radio Morphology of NGC 1097 and Immediate Environs
The 1.4 GHz radio images show the disk of the barred spiral NGC 1097 and about 65 unresolved and slightly resolved objects which are probably background objects. We find no evidence of extended structure associated with the optical jets, nor do we find an overabundance of radio sources in the field. The 20-cm radio structure of the galaxy itself matches the optical structure in general: a barred spiral structure with two outside spiral arms, The peak in the radio emission trails the optical emission in the bar, assuming the galaxy rotates in the direction implied by the arms, The radio emission is strongest where the H-a image shows HII regions, including a strong nuclear peak of 120 mJy/beam. The tattered end of the spiral arm in the west near NGC 1097A has many HII regions and shows considerable radio emission. Lacking matched-resolution data at another radio frequency, we are unable to separate the thermal and non-thermal contributions to the 20-cm emission.
There is no indication that the 20-cm radio emission from the outer galactic spiral arms is disturbed at the position angles of the optical jets. Any gross discontinuities might have signalled enhanced absorption or emission. The disk radio emission is somewhat clumpy, following as it does the distribution of HII regions seen in Ha. The significance of the very small changes in surface brightness is not clear.
1.4 GHz Radio Number Counts in the NGC 1097 Field
The number of radio sources on the image is consistent with the number expected from radio source counts: Mitchell and Condon (1985) find 63 sources within a 34' diameter -13-field above 0.35mJy, our 5-a detection limit. Wewould have easily detected a supergiant HIIregionlike30 Doradus, forwhich the(thermal plus nonthermal) flux density would be about 1.6 mJy and the size about 16", but we would not have detected the small, faint type of HII region common in the Orion star formation complex for which the expected flux density would be of order 0.63 pJy.
In checking to see if there was any extended radio emission associated with the optical jets, we drew four lines on our radio image along the position angles of the optical jets as given by Lorre (1978) : 54°, 15°, 195°, and 223° for RI, R2, R3, and R4, respectively. In doing so, we noticed that there were ten radio features within 5 degrees of the optical jets' position angles. Three of these objects are about as bright as 30 Doradus would be at the 12.3 Mpc distance of NGC 1097; two others are much brighter (respectively: 1.9, 1.3, 1.3,
12.0, and 5.7 mJy). Having divided the region around NGC 1097 into 36 bins of 10 degrees each, and counting the 65 reliable detections (excluding the galaxy itself) on the image, it
is not surprising that all four bins associated with the optical jets contain radio sources.
In four bins of 10° each, chance will place 7 or 8 sources; the optical jet bins contain 10 sources. If the ten radio sources were supergiant HII regions, they would have strong optical emission lines which might be detectable on the H-alpha plate taken by Arp (cited in Wolstencroft 1981) but no emission-line features were seen in the jet. Arp, Wolstencroft and He (1984) have searched two objective prism plates for emission-line objects: none of their 43 candidates have any radio counterpart on our 20-cm image, consistent with the relative rarity of radio-bright objects among optically selected quasars.
Discussion
The nature of the features in NGC 1097 has been debated since their discovery. We discuss here the implications of our data for interpretations as aging synchrotrons sources, .
-14-star formation at the edges of ejected cones of material, and unusually aligned tidal tails.
The best-attested examples of ejects from galactic nuclei are the synchrotrons jets found in radio galaxies (and some quasars). A few of these are detectable in optical light, by the most energetic tail of the synchrotrons spectrum which is most powerful at low frequencies. Known examples of radio jets which are detectable in the visible (3 C273, M87) have spectral indices between radio and visible frequencies of-0.6 to -0.9, typical of optically thin synchrotrons emission and consistent with extrapolations of the spectral indices at high radio frequencies (in some cases with evidence for a break at high frequencies, steepening the local index in the optical range). For the jets of M87 and 3C273, there is good evidence that the visible emission is synchrotrons radiation coming from the same population of relativistic electrons as the radio emission. In contrast, the radi~optical spectral index for the jets of NGC 1097 is >0. This rules out a common synchrotrons source unless highly implausible absorption mechanisms are invoked to explain the lack of strong radio emission at 20 and 92 cm.
The fossil radio lobes that would mark an old synchrotrons source could have faded over time due to adiabatic expansion. For example, expansion by a factor of two in radius would cause the lobes to appear fainter by a factor of 32 (Moffet 1975) . However, this still implies that the initial surface brightness of the lobes was small. Assuming a total radio lobe area of 50 square arcminutes (comparable to the area enclosed by each pair of visible jets) the initial total radio flux density at 92 cm would have been less than 20 mJy. This is extremely weak compared to the lobes of nearby "active" radio galaxies. Coupled with the (almost) total lack of double sources among genuine spiral galaxies, these arguments make an origin for the jets of NGC 1097 in the same kind of ejection seen in radio galaxies and their jets very difficult to support.
As Carter et al. (1984) showed, the broad-band colors of the jets can be accounted -15-for by starlight. We find that this statement can restrengthened byadding an additional optical band to their single-wavelength observations, as well as their near-IR aperture photometry. Whether the stars were formed by the passage of nuclear ejects or in some tidal event, the colors may be used to estimate the age of the features. If the stars were formed in a brief burst, an age estimate is possible based on continuum colors and starburst models (we take those of Newberry, Boroson, and Kirshner 1990 for definiteness). The observed B-V and a local IMF slope imply a burst age 6 x 10 8 years, This is much larger than the age found by Arp (1976) A useful comparison for a tidal interpretation comes from the jet or tail of NGC 4651, as shown in Sandage, Veron, & Wyndham (1975) and in the Arp (1966) atlas. We are unaware of any subsequent detailed study, though much work has been done on the cluster of galaxies around 
Conclusions
By comparing our optical and radio images, we have shown that there is no 1.4 GHz radio emission associated with the optical jets in NGC 1097 on angular scales of 15"-30"
with a 3-c7 detection limit of 2 x 10 -4 Jy/beam or about 5 x 10 -7 Jy per square arcsecond.
This limit is fainter than previous results (HHK and WTP). Our 327 MHz radio images show no extended emission near the ends of any of the optical jets.
Based on the optical and radio imaging presented here, we believe it is unlikely that the optical jets of NGC 1097 were formed directly or indirectly from the ejection of matter from an active galactic nucleus. The optical emission from the jets originates in stars, possibly torn from the main body of the galaxy through tidal interaction with NGC 1097A.
Although tidal models seemed unlikely when we began this work, we must reconsider them after eliminating the other possibilities. As detailed in section 4, we find that the balance of evidence is best accounted for if these are indeed an unusual set of tidal features.
An X-shape of tidal remnants requires special viewing conditions. It is thus of considerable interest to know how common galaxies with these features are. An optical search for other objects with optical jets has been undertaken by WCK, This search was based on experience gained while surveying previously reported jet-like features (Keel 1985) , and was thus designed to reject, as far as possible, tidal tails and similar interloping phenomena. The search was carried out on glass copies of the SRC J survey plus confirming CCD imagery, and was sensitive enough to have found the jets of NGC 1097 independently. . . . 
